1 9
observed OTU inflation may also be explained by cumulative errors occurring during the 2 7 2 amplification and sequencing steps of the metabarcoding procedure, resulting in the detection 2 7 3
of sequence variants. Interestingly, given that rpoB is a protein-coding gene, sequence errors 2 7 4
can be readily identified and removed if they disrupt the reading frame [12] , providing an 2 7 5
added benefit of housekeeping genes as targets in metabarcoding studies. Some authors have 2 7 6 also suggested that excessive OTU diversity may be at least partially explained by the 2 7 7
presence of unfiltered chimeric reads [27] , and laboratory contaminants [28] . Nelson and 2 7 8
collaborators reported a strong overestimation of mock community diversity (25-125 times 2 7 9
higher than expected) in the absence of careful checking of the data. Similarly, Kunin and 2 8 0 collaborators found that diversity was grossly overestimated for their mock community data 2 8 1 unless a quality threshold was implemented. We show here that the removal of OTUs with 2 8 2 read abundances below 1% (for individual samples) decreases the number of sequence 2 8 3 variants. However, this threshold cutoff of 1% is much less sensitive than the 0.1% threshold 2 8 4 cutoff for describing the bacterial communities making up the mock communities. When using metabarcoding for quantitative analyses, caution is required concerning the 2 8 7
conclusions drawn about the relative abundances of bacterial taxa, even with a single-copy 2 8 8 gene, such as rpoB. Our results highlight the existence of a bias in abundance taxa, this bias 2 8 9
being strain-dependent and varying with the marker used. This bias probably reflects the 2 9 0 amplification bias occurring during PCR cycles [6]. 2 9 1 2 9 2
We finally used the rpoB marker to analyze microbial communities in an entomopathogenic 2 9 3 nematode, Steinernema glaseri, known to carry an intestinal symbiotic bacterium, 2 9 4
Xenorhabdus poinarii, but for which microbiota composition remains otherwise unknown. 2 9 5
We found that the findings concerning the bacterial community associated with S. glaseri 1 3 depended on the marker used. The rpoB marker gave better taxonomic discrimination and was 2 9 7 capable of reliably identifying the symbiotic bacterium. The 16S rRNA marker is able to 2 9 8 detect the symbiont only with one of the pipelines, as well as false positive OTUs 2 9 9
phylogenetically related to the symbiont. The rpoB marker was successfully used here to describe the microbiota of an 3 0 2 entomopathogenic nematode, with a microbiota of low diversity including bacterial taxa for 3 0 3
which rpoB sequences are routinely available from databases. Further testing of the rpoB 3 0 4 marker is required in other types of complex microbiota, such as those containing members of 3 0 5 phyla other than Firmicutes and Proteobacteria. Despite its disadvantages, the 16S marker 3 0 6
should not be entirely abandoned, particularly for the exploration of complex and unknown 3 0 7 ecological niches, as it is a reference marker for which a very rich and complete database is 3 0 8 available for taxonomic assignment. For high-throughput amplicon sequencing studies, we 3 0 9 therefore recommend the use of multigenic approaches based on different taxonomic markers, 3 1 0 targeting at least one housekeeping gene (rpoB is a good candidate) and a variable16S rRNA 3 1 1 gene region. Conclusions 3 1 5
The use of 16S sequencing raises a number of challenges, including primer bias, gene copy 3 1 6 number, PCR or sequencing artifacts and contamination. Metabarcoding approaches, which 3 1 7 target a taxonomically relevant marker, such as the rpoB gene, are a potential alternative, 3 1 8
making it possible to overcome at least some of these challenges. The major benefit of rpoB 3 1 9
sequencing is its potential for improving taxonomic assignment and for more detailed 3 2 0
investigations of OTU richness at species level, providing a more accurate description of the 3 2 1 composition of microbiota communities. The greater ability of rpoB-based analyses to 3 2 2 discriminate between phylogenetically different groups of species should increase resolution 3 2 3
and provide more reliable results for metagenomic studies. Our results also highlight the need 3 2 4
to develop and use mock community as controls for all microbial studies, to pick up potential 3 2 5
sequence errors, which may arise at any step in next-generation sequencing protocols. For 3 2 6
Illumina amplicon-sequencing strategies, we also strongly recommended the use of a 3 2 7 multigenic approach based on at least two taxonomic markers, including a protein-coding 3 2 8
gene, such as rpoB, and the 16S rRNA marker. The nematode/bacterial strains and primers used in this study are listed in Additional file 9. 3 3 6
Isolation, multiplication and storage of nematode strains 3 3 7
Steinernema nematodes were originally isolated with an ex situ Galleria trap, as previously 3 3 8
described 200 µL of Lysogeny Broth medium and three 3-mm glass beads, and were subjected to three 3 5 0 cycles of grinding (1 minute, at 30 Hz followed by 1 minute without agitation) in a 3 5 1
TissueLyser II apparatus (Qiagen, France). The solutions obtained from crushed nematodes or 3 5 2 the contents of G. melonella were plated on both nutrient agar (Difco) plates and nutrient 3 5 3 bromothymol blue agar (NBTA) plates [32] , and incubated at 28°C for 48 hours. Bacterial 3 5 4
colonies with different morphotypes were stored at -80°C in 16% glycerol (v/v). 3 5 5 3 5 6
Molecular identification of the bacteria isolated and mock community design 3 5 7
Bacterial isolates were identified as previously described [33] , by amplifying and sequencing 3 5 8 a near full-length 16S rRNA gene (1372 bases). Briefly, bacterial genomic DNA was 3 5 9
extracted as previously described [34] and stored at 4°C. The 16S rRNA gene was amplified 3 6 0
(the primer sequences are indicated in Additional file 9) in a Bio-Rad thermocycler (Bio-Rad, 3 6 1 USA). PCR products were analyzed by agarose gel electrophoresis. Sanger sequencing of the 3 6 2 16S rRNA amplicons was performed by MWG-Eurofins (Deutschland), and sequences were 3 6 3 blasted against the NCBI database for taxonomic identification of the bacterial isolates. 3 6 4
Nineteen bacterial isolates encompassing a broad taxonomic diversity among eubacteria were 3 6 5 selected to compose the reference mock communities (Table 1 ). The DNA concentration of 3 6 6 each selected bacterial strain was quantified on a Qubit Fluorometer (Thermo Fisher 3 6 7
Scientific, USA) and five mock communities were generated by mixing the DNA of the 19 3 6 8 strains (the DNA concentrations of symbiotic taxa in the mock communities varied over four 3 6 9
orders of magnitude). The proportions of the 19 bacterial taxa composing the five mock 3 7 0
communities, in genome number equivalents, are shown in The rpoB and V3V4 regions were amplified as described above (the primer sequences are 3 7 7
indicated in Additional file 9). Sanger sequencing of the amplicons was performed by MWG-3 7 8
Eurofins (Deutschland). We performed four DNA extraction replicates per nematode sample, each replicate consisting 3 8 2 of about five thousand IJs sampled from a storage batch. We minimized the risk of 3 8 3 contamination with microorganisms from the body surface, by washing the IJs with copious 3 8 4
amounts of tap water on a filter. The washed IJs were recovered from the filter with a sterile 3 8 5
pipette, transferred to 10 mL of sterile ultrapure water and immediately frozen at − 80°C for 3 8 6 future use. DNA was extracted from the IJs with the Quick Extract kit (Epi-centre, USA). 3 8 7
Briefly, frozen samples were rapidly thawed, heated at 80°C for 20 minutes and centrifuged 3 8 8
(2,500 x g, 10 minutes) to pellet the IJs. Once the supernatant had been removed, we added 3 8 9
200 µL of Quick Extract lysis solution and the mixture was transferred to 2 mL Eppendorf 3 9 0 tubes containing three sterile 3-mm glass beads. IJs were crushed by three cycles of 3 9 1 mechanical grinding (2 minutes at 30 Hz followed by 1 minute without agitation) in a 3 9 2
TissueLyser II apparatus (Qiagen, France). We added 2 µL of Ready-Lyse Lysozyme 3 9 3
Solution (Epi-centre, USA) to the ground samples, which were then incubated at room 3 9 4
temperature until the solution cleared (24 to 48 hours). Samples were again heated at 80°C for 3 9 5 20 minutes, and the lysis of IJs was checked under a light microscope. After complete lysis, 3 9 6 the samples were subjected to an additional treatment with 20 µL of 20 mg/mL RNaseA 3 9 7
(Invitrogen PureLinkTM RNaseA, France). Finally, a phenol-chloroform purification step 3 9 8 was performed, followed by chloroform purification. The DNA was precipitated in absolute 3 9 9
ethanol, washed twice in 70% ethanol, resuspended in 50 μ L ultrapure water and stored at -4 0 0
20°C. The DNA products were analyzed by agarose gel electrophoresis and quantified with a 4 0 1
Nanodrop spectrophotometer (Thermo Fisher Scientific The DADA2 process 4 7 2
The DADA2 method was developed for the analysis of short-read amplicon sequences [39]. 4 7 3
The pipeline is based on a complete bioinformatic workflow including quality filtering, 4 7 4 dereplication, sample inference, chimera removal, and optionally, a taxonomic assignment 4 7 5
step. The DADA2 software takes raw amplicon sequencing data in fastq files as input, and 4 7 6
produces an error-corrected Phylogenetic analysis of the V3V4 and rpoB amplicons, sequence alignment and maximum 4 9 8 likelihood analysis with the Generalised time-reversible (GTR) model were performed as Availability of data and material 5 2 7
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